Crack front evolution in polymethyl methacrylate (PMMA) beams was measured during quasi static three point bending tests performed on a universal testing machine. A high speed camera was used to record the crack front propagation process through the specimen thickness and to determine the instantaneous crack length during the test, considering the effect of different initial notch lengths and loading point displacement rates. The average steady crack propagation speed was also calculated and correlated with the stored elastic energy, and these results have been compared with those reported by other authors for different test conditions. This experimental technique appears to be suitable to determine the influence of the test conditions on the crack propagation speed of PMMA specimens.
Introduction
A key objective being pursued in dynamic crack prop agation analysis is to understand and predict the path followed by a crack and its velocity during the propagation process. In the one dimensional case, the equation that governs crack propagation in a brittle material can be established by equating the energy release rate at the crack tip, G d , that depends on the geometry of the body, the initial crack length, a, and its propagation velocity, _ a. It must be evaluated through the solution of a corresponding elasto dynamic problem with the dynamic fracture energy of the material, G c , which depends on the crack velocity, i.e. [1] :
A phenomenological rate dependant fracture energy, G c G c ð _ aÞ for each material is broadly accepted [2] .
One of the most important difficulties for the determi nation of G c ð _ aÞ lies in the measurement of the crack velocity. In particular, dynamic crack propagation in poly mers has been investigated using different optical methods such as photoelasticity [2 6 ] and the method of caustics [7 11 ], that allow tracking of the crack tip evolution on the surface of the specimen.
In a recent work, Murphy and Ivankovic [12] presented results of the crack propagation speed in PMMA plates 8 mm thick with a small notched edge in tension.
On the other hand, Zhou et al. [13] have also conducted tests on rectangular PMMA plates of 3 mm thickness. The plates were pre stressed to a certain constant load when a small crack was induced in the middle of the plate, the speed of which was measured by bands being crossed during the propagation process.
However, the crack propagation speed has not been measured in three point bending. This has great interest because this test configuration is extensively used to determine the fracture properties of a wide range of materials.
In this work, the crack propagation velocity in PMMA specimens with different initial notch lengths was measured in quasi static three point bending tests per formed on a universal testing machine at different loading point displacement rates. The crack propagation process was recorded using high speed photographic equipment.
From the instantaneous crack length, the propagation velocity was also calculated and correlated with the stored elastic energy, and the results were compared with those reported by other authors for different test conditions. This experimental technique appears to be suitable to observe the crack propagation process and to analyse the influence of the test conditions on the crack propagation velocity.
The information gained from these tests enabled the relationship between the softening function of the material with the crack propagation speed to be determined, knowledge of which is key when using cohesive zone models to analyse this type of material.
Experimental technique

Uniaxial tension tests
The material tested was a glassy, commercially available polymethyl methacrylate (PMMA), which is generally regarded as quasi brittle and linearly elastic.
Uniaxial tensile yield tests were performed to establish the stress strain curve and the values of Young's modulus, E, yield strength, s 0.2 and resistance, s u , of the material. The geometry of the specimens is schematically shown in Fig. 1 .
Specimens were loaded by a computer controlled INS TRON 8516 universal testing machine under displacement control mode at room temperature, and the loading speed was set at a constant rate of 0.25 mm/min.
Fracture toughness tests
Following the standard ASTM D 5045 [14] , the fracture toughness of the material, K IC , was determined by three point bending test (TPB) using cracked specimens with the geometry presented in Fig. 2 , where L, B and W are, respectively, the length, the thickness and the width of the specimen, S is the span, and a 0 is the initial notch length.
Specimens used to obtain the fracture toughness were fatigued using a resonance fatigue machine [15] that allowed control of the crack growth from an initial notch of a 0 8.5 mm length.
The mechanical properties determined for PMMA, as well as the fracture toughness, are shown in Table 1 .
Crack front propagation was analysed on three point bending specimens, considering different initial notch lengths (a 0 2, 5, 8 and 10 mm). Notches were machined using a diamond sawing wire, creating a 0.28 mm semi circular notch tip radius. The bending tests were per formed on the same universal testing machine under displacement control mode for different loading rates (0.25, 0.5, 2.0 and 5.0 mm/min) (see Fig. 3 ).
During the tests, due to the optical properties of the PMMA, the crack front propagation was recorded using a high speed camera Photron Ultima APX focusing the crack propagation plane at approximately a 45
angle. The lighting of the test was controlled by an Arrisun 12 Plus lamphead with a 1200 W Hydrargyrum Medium arc Iodide (HMI) lamp. A scheme of the position of the different equipment used in the tests is presented in Fig. 4 . Through this technique, a sequence of pictures of the crack front propagation process is obtained in every test, as presented in Fig. 5 .
In order to analyze the sequence of pictures obtained, an ad hoc image processing code based on MatlLab has been developed. This code recognizes the crack propagation zone, where the discontinuity in the material appears as a darker zone in comparison with the intact zone. This distinction enables the image processing code to clearly distinguish the cracked zone, determining the crack front at any time, t, and the crack length at different planes z through the thickness (z/B 0, 0.25, 0.50, 0.75 and 1) (Fig. 6) . From those values, a representative thickness average crack length, aðtÞ is obtained, the time history of which is presented in Fig. 7 .
From the crack length aðtÞ provided by the image pro cessing code, the instantaneous thickness average crack propagation velocity, _ aðtÞ, was evaluated as follows:
_ aðtÞ aðt þ DtÞ aðt DtÞ 2Dt (2) Fig. 3 . Three-point-bending test arrangement. Dt being the interval of time between two consecutive pictures. Load displacement records were determined from the tests as well as the maximum load (an example of these records is presented in Fig. 8 ). Once the maximum load is reached, the crack begins to propagate and, therefore, the available energy for crack propagation, G c , can be deter mined from the area under the load displacement curve, A, as follows:
In this work, 16 different cases were analysed, corre sponding to combinations of four different notch lengths (2, 5, 8 and 10 mm) and four loading rates (0.25, 0.5, 2.0 and 5.0 mm/min).
Results
The instantaneous crack propagation velocity, _ a, versus the crack length evolution measured at different loading rates is presented in Figs. 9 12, for different initial notch lengths. These figures reflect that the crack propagation velocity decreases significantly as long as the initial notch increases, with sudden changes in speed for the longest initial notch, a 0 10 mm, which virtually nullify the prop agation velocity at some intermediate points of the test (Fig. 12) .
For each test, an average steady crack propagation speed, v, was calculated by the following expression:
where a 0 is the initial notch length, a f is the final crack length reached during the test, and t 0 and t f the corre sponding times. The average speed thus calculated was very similar to what would have been determined as the slope of the regression line of the crack length with respect to the time.
In Fig. 13 , the evolution of the average speed with respect to the crack length is represented for each of the four test velocities. These results do not show a clear effect of test velocity on the average speed of the crack propagation. Zhou et al. [13] have proposed an empirical relation to correlate these two variables in the range of speeds between 100 m/s and 650 m/s, given by:
where the constants G 0 and v L take the following values: To explain this discrepancy it is necessary to note that a radiused notch is considered in the results shown here, rather than a sharp crack [13] . To account for the latter, instead of the fracture toughness we should consider the apparent toughness, K Q , obtained by testing a specimen with the same dimensions used to measure K IC but with a notch instead of a crack. A relationship similar to Eq. (5) is proposed maintaining the value of v L 675 m/s, but replacing the value of G 0 by G Ã 0 , as follows:
where the value of the apparent resulting toughness (K Q 1,85 MPa m 0.5 ) and the fracture toughness reported in Table 1 , yields a value of G Ã 0 equal to 6208 N/m. The correlation (Eq. (5)) in our range of speeds for cracked specimens fits the data with good accuracy.
Summary and concluding remarks
In this work, the crack propagation velocity in PMMA beams with different initial notch lengths (a 0 2, 5, 8 and 10 mm) was measured in quasi static three point bending tests.
The material chosen for testing is a glassy, commercially available polymer which is generally considered quasi brittle and linearly elastic under tension at room temperature.
Specimens were loaded by a computer controlled INS TRON 8516 universal testing machine in control displace ment mode at different loading point displacement rates (0.25, 0.5, 2.0, and 5.0 mm/min). A new experimental optical methodology to record the crack propagation process by means of a high speed camera was presented. A particular feature of this optical methodology in comparison with others, for example photoelasticity or caustics, is that the crack length can be measured at different points through the thickness at any time. From these values, a thickness average crack length and velocity were obtained.
This experimental technique appears to be suitable to determine the influence of the test conditions in the crack propagation speed of PMMA specimens.
From the results obtained through this technique, it is apparent that in the range of the loading rates considered in this work, the notch length is the parameter that most affects the speed of propagation of the crack, reducing the speed as the notch lengthens.
The instantaneous crack length during the test was also determined and the average steady crack propagation speed was calculated and correlated with the stored elastic energy.
The experimental results obtained for the fracture energy with respect to the average crack speed can be accurately modelled by the empirical correlation reported by the Zhou et al. [13] extended to our range of speeds and using a proposed modification to consider notched instead of cracked specimens.
